Bismuth plays important roles in promoting the oxidation of alcohols towards high-valueadded chemicals over a noble metal loading catalyst. Herein, Mg-Al hydrotalcite-supported platinum-bismuth nanoparticles (Pt-Bi/HT) were prepared by the co-impregnation method and used in the selective oxidation of glycerol towards dihydroxyacetone (DHA). The incorporation of Bi species into Pt/HT significantly enhances the conversion of glycerol and the selectivity of DHA. The high selectivity of DHA with 80.6% could be achieved at 25.1% conversion of glycerol. The Bi species of the Pt-Bi/HT catalyst mainly exist in the form of BiOCl and Bi metal, which is different from the previous Pt-Bi based catalyst, confirmed by a combination of powder X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and high-resolution transmission electron microscopy (HR-TEM). A plausible mechanism is proposed to elucidate the promoting role of Bi species on the Pt/HT catalyst in the selective oxidation of glycerol towards DHA.
Introduction
Biodiesel, a well-known renewable biomass energy, can be produced by the transesterification of vegetable oils, waste oils, and animal fats with short chain alcohols; however, glycerol (GLY), as an inevitable byproduct, is abundantly obtained during the production of biodiesel [1] . As a result, the rapidly rising biodiesel production has led to a drastic surplus of GLY. The biodiesel-derived glycerol, as a potential platform molecule, could be converted into value-added chemicals by employing different chemical reactions [2] [3] [4] [5] , such as oxidation, hydrogenolysis, dehydration, and esterification. Much work in the past few years has been focused on the design of solid catalysts to catalyze the conversion of GLY into more valuable chemicals.
Glycerol oxidation could produce various high-value fine chemicals [6, 7] , such as dihydroxyacetone (DHA), glyceric acid, glyceraldehyde, and hydroxypyruvic acid. Platinum and gold catalysts are found to be the most active among the investigated catalysts for glycerol oxidation, and carbons (active carbon and carbon nanotubes, etc.) [7] [8] [9] and metallic oxides (TiO 2 , Al 2 O 3 , CeO 2 , CuO, MgO, MgAl 2 O 4 , etc.) [7, [10] [11] [12] [13] [14] [15] [16] have been widely investigated as supports in previous studies. It has been found that the activity and product distribution are closely related to the support, especially the textural and chemical properties, and the acid-base property of the reaction medium; however, the main product was generally glyceric acid on mono-Pt and Au supported catalysts.
can be used as the catalyst for reactions associated with base-catalysis, and usually as a support to load the metal for many reactions [23, 24] . Hydrotalcite-supported platinum nanoparticles (Pt NPs/HT) as a catalyst for the selective oxidation of glycerol have been reported in base-free aqueous [25, 26] , with glyceric acid as the main product. Recently, Wu's group reported the use of Mg-Al HT-hosted Cr(III) complex for the selective oxidation of GLY to DHA; the high selectivity for DHA (43.5%) was attributed to the synergistic effect between the chromium Schiff base complex and the weak base HT host [27] . For a Pt-Bi/charcoal catalyst for glycerol oxidation, it was found that the catalytic activity could be enhanced by increasing the pH value of the reaction medium, but the catalyst surface would be damaged by the solubilization of platinum at a high pH, leading to an obvious decrease in DHA selectivity [17, 18] .
In this work, Mg-Al hydrotalcite with weak alkalinity, which is different from the carbon-based materials, was used for the first time as a support to load Pt and Bi for the oxidation of glycerol to DHA. Pt-Bi/HT catalysts were characterized by XPS, HRTEM, and powder XRD. The catalytic performance and structural properties of Pt-Bi/HT were studied to understand the role of Bi in promoting DHA formation for Pt-based catalysts.
Results and Discussion

Catalyst Characterization
The successful preparation of Mg-Al hydrotalcite was confirmed by the powder XRD pattern comparison between the as-synthesized one and the standard Mg-Al HT, Mg 4 Al 2 (OH) 12 CO 3 ·3H 2 O (JCPD S541030), as shown in Figure 1 . The SEM image of the as-synthesized Mg-Al HT sample ( Figure S1 ) shows aggregates of small secondary uniform platelets of about 4 µm in diameter, and some secondary platelets could dissociate from the aggregates after loading the Pt-Bi species. Also, the powder XRD patterns for the Mg-Al HTs were collected after loading different amounts of Pt and Bi for phase identification. It can be seen that the characteristic peaks of HT are well preserved after loading Pt and Bi, suggesting that the typical layered structure of HT remains intact for all Pt-Bi supported HTs. The characteristic peaks of metallic Pt at 39.8 • , 46.2 • , and 67.5 • and metallic Bi at 33.5 • , 48.1 • , and 59.8 • were not observed for the Pt-xBi/HT samples, indicating that high dispersions of Pt and Bi on the HT support were achieved and also revealed by TEM images (Figure 2 ). However, the characteristic peaks of BiOCl ( Figure 2 ) could be clearly found on the Pt-Bi/HTs upon the Bi loading above 1 wt % and the diffraction peak intensity for BiOCl gradually increases as the Bi content on the support increases. The species of BiOCl on the support are derived from the hydrolysis of BiCl 3 during the metal loading procedure. BiOCl could not be completely reduced to zero-valence Bi by NaBH 4 , as was confirmed by XPS. It should be noted that Bi species generally existed in the form of Bi 2 O 2 CO 3 or Bi 2 O 3 and Bi (0) meal for Pt-Bi-based catalysts [17] [18] [19] [20] , to which the hydrochloric acid was applied to improve the solubility of BiCl 3 during the Bi loading process. For Pt-Bi/HT catalysts in our study, the Bi loading procedure was carried out in the absence of hydrochloric acid with BiCl 3 as precursor of Bi, that maybe leads to the hydrolysis of BiCl 3 to BiOCl.
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Catalytic Performance
Effect of Bi Content
To investigate the promoting role of Bi on a Pt-based HT catalyst, a series of Pt-Bi/HT catalysts with a constant Pt content of 5.0 wt % and different Bi content were prepared for glycerol oxidation with O2 as the oxidant under atmospheric pressure; the catalytic reaction results are listed in Table 1 . As can be seen from Table 1 , the main products are DHA (38.3%) and glyceraldehyde (GLYALD) (38.8%) on the Pt alone supported on the HT catalyst with a low conversion ratio of 12.4%. Upon the incorporation of Bi species, including Bi metal and BiOCl confirmed by powder XRD, TEM, and XPS, a significant increase in catalytic activity and the selectivity of DHA was observed, and the selectivity of GLYALD obviously decreased from 38.8% to about 11%. A DHA selectivity of 80.6% could be achieved on the Pt-7Bi/HT catalyst with glycerol conversion at 25.1%. The selectivity of DHA is comparable to that (ca. 80%) observed on the Pt-Bi supported on carbon-based materials with high BET surface areas [19] [20] [21] [22] , in which Bi species were observed in the form of Bi2O2CO3 or Bi2O3 and Bi meal, and the geometric blocking effect of active sites by bismuth adatoms was proposed for the high selectivity of DHA. Owing to the difference in Bi species among the Pt-Bi/HT and Pt-Bi/carbon-based materials, herein, the increase in catalytic activity and selectivity for DHA upon introduction of Bi species could be possibly attributed to the strong hydrogen bond between BiOCl on the surface of HT and glycerol molecule, which enormously enhances the adsorption ability of the catalyst towards glycerol. However, the catalytic activity decreases on the Pt-Bi/HT catalyst (Pt-9Bi/HT) with high loading of Bi species; this could possibly result from the severe wrapping of Pt nanoparticles by the Bi species which blocks glycerol access to the Pt active sites. The carbon monoxide adsorption amounts of Pt-7Bi/HT and Pt-9Bi/HT are 8.1 and 5.2 mL CO/g platinum, respectively, which coincides with their catalytic activity. The decrease in the CO adsorption amount is related to the wrapping and covering content of Pt nanoparticles by the Bi species incorporated into the catalysts. The edge of the Pt particles wrapped by a layer of Bi and BiOCl could also be observed by HR-TEM (Figure 2i,j) . The XPS peak positions of Bi 4f show that the chemical states of Bi species mainly exist in the form of Bi (0) and Bi (3+) in the Pt-7Bi/HT catalyst, it this also the case for other Pt-Bi/HT catalysts in our study. The peaks at 156.7 and 163.0 eV are for the Bi 4f 7/2 and Bi 4f 5/2 region for Bi (0), respectively. The binding energy peaks located at 158.6 and 163.9 eV should be assigned to the Bi 4f 7/2 and Bi 4f 5/2 regions for BiOCl species [32] . In addition, the Cl 2p peak is deconvoluted into two peaks (198.2, 200.2 eV) corresponding to the Cl 2p 3/2 and Cl 2p 1/2 regions for BiOCl, respectively. The combination of XRD, TEM, and XPS analyses shows that the BiOCl species are formed on the surface of the HT support.
Catalytic Performance
Effect of Bi Content
To investigate the promoting role of Bi on a Pt-based HT catalyst, a series of Pt-Bi/HT catalysts with a constant Pt content of 5.0 wt % and different Bi content were prepared for glycerol oxidation with O 2 as the oxidant under atmospheric pressure; the catalytic reaction results are listed in Table 1 . As can be seen from Table 1 , the main products are DHA (38.3%) and glyceraldehyde (GLYALD) (38.8%) on the Pt alone supported on the HT catalyst with a low conversion ratio of 12.4%. Upon the incorporation of Bi species, including Bi metal and BiOCl confirmed by powder XRD, TEM, and XPS, a significant increase in catalytic activity and the selectivity of DHA was observed, and the selectivity of GLYALD obviously decreased from 38.8% to about 11%. A DHA selectivity of 80.6% could be achieved on the Pt-7Bi/HT catalyst with glycerol conversion at 25.1%. The selectivity of DHA is comparable to that (ca. 80%) observed on the Pt-Bi supported on carbon-based materials with high BET surface areas [19] [20] [21] [22] , in which Bi species were observed in the form of Bi 2 O 2 CO 3 or Bi 2 O 3 and Bi meal, and the geometric blocking effect of active sites by bismuth adatoms was proposed for the high selectivity of DHA. Owing to the difference in Bi species among the Pt-Bi/HT and Pt-Bi/carbon-based materials, herein, the increase in catalytic activity and selectivity for DHA upon introduction of Bi species could be possibly attributed to the strong hydrogen bond between BiOCl on the surface of HT and glycerol molecule, which enormously enhances the adsorption ability of the catalyst towards glycerol. However, the catalytic activity decreases on the Pt-Bi/HT catalyst (Pt-9Bi/HT) with high loading of Bi species; this could possibly result from the severe wrapping of Pt nanoparticles by the Bi species which blocks glycerol access to the Pt active sites. The carbon monoxide adsorption amounts of Pt-7Bi/HT and Pt-9Bi/HT are 8.1 and 5.2 mL CO/g platinum, respectively, which coincides with their catalytic activity. The decrease in the CO adsorption amount is related to the wrapping and covering content of Pt nanoparticles by the Bi species incorporated into the catalysts. The edge of the Pt particles wrapped by a layer of Bi and BiOCl could also be observed by HR-TEM (Figure 2i,j) . 
Effect of Reaction Temperature
The effect of reaction temperature on glycerol oxidation was investigated, and Table 2 summarizes the catalytic reaction results after a reaction time of 6 h over Pt-7Bi/HT. The glycerol oxidation reaction could not run at the reaction temperature of 30 • C. The glycerol conversion significantly increases with the increase of reaction temperature, and the selectivity of DHA attained the highest value of 80.6% with a glycerol conversion of 25.1% at 70 • C. At high reaction temperatures, the DHA product derived from the glycerol is further oxidized to other products, consequently leading to the decrease in DHA selectivity. 
Effect of Reaction Time
The effect of reaction time on glycerol oxidation was studied over the Pt-7Bi/HT catalyst; the catalytic reaction results after different reaction times are summarized in Table 3 . The catalytic activity of Pt-7Bi/HT gradually increases with the improvement of the reaction temperature, the DHA was the major product among the products of glycerol oxidation. However, the selectivity of DHA decreased to 62.4% at 12 h from 80.6% at 6 h, which can possibly be attributed to the over-oxidation of glycerol. 
Catalyst Recycling
To determine the stability of Pt-Bi supported on an HT catalyst, three successive recycling experiments were carried out ( Figure 5 ). After 6 h of reaction, the catalyst was centrifuged, washed with deionized water, dried under vacuum, and employed again for the next glycerol oxidation under identical conditions. It was observed that the conversion of glycerol decreased negligibly from 25.1% in the first run to 24.3% in the third run, and the selectivity of DHA had no obvious changes in the three successive runs. The powder XRD pattern of the second recycled catalyst ( Figure S2 ) was identical to that of the initial catalyst, and the TEM images ( Figure S3) show that there was no obvious change in the second recycled catalyst in particle size or particle size distribution. In addition, the used catalysts were separated from the reaction mixture and ICP measurements indicated that there was no leaching of Pt or Bi from the catalyst into solution during the reaction. Based on these results, the slight decrease in glycerol conversion could be attributed to the loss of catalyst during the recovery of the catalyst from the last run. These results suggested that the Pt-Bi/HT was stable and reusable as a catalyst for the selective oxidation of glycerol towards DHA.
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Glycerol Selective Oxidation Mechanism
Although much work has shown that high selectivity can be achieved on Pt-Bi supported catalysts for the selective oxidation of alcohols, the origin of the promoting role of Bi on Pt-based catalysts still remains unclear. In the case of Pt-Bi-based catalysts used for the selective oxidation of glycerol towards DHA, three chemical states of Bi including Bi (0), Bi2O3, Bi2O2CO3 and BiO(OH) [17] [18] [19] [20] are often found. Various interpretations for the role of promoters, such as the geometric blocking effect of active sites [17, 20, 33] and the formation of a complex among Pt, Bi, and substrate [34] , have been proposed. In this work, the Bi species on the Pt-Bi/ HT catalysts were observed in the form of Bi metal and BiOCl due to the slightly different preparation procedure, in which Bi loading was carried out in the absence of hydrochloric acid with BiCl3 as precursor of Bi, showing that the catalyst preparation methods have an important effect on the composition and structure of catalysts and their catalytic performance [35] . Based on the previous mechanism and catalytic reaction results, a plausible model is proposed as shown in Figure 6 to elucidate the promoting role of Bi species on the Pt/HT catalyst in the selective oxidation of glycerol towards DHA. The promotional role of Bi species is dominated by the geometrical effect and the formation of strong hydrogen bonds between BiOCl on the surface of support and glycerol. The two terminal hydroxyl groups were bound on the surface of the Pt-Bi nanoparticles by the formation of a hydrogen bond between the Cl ion of BiOCl and the H of the primary -OH group of the glycerol molecule, and the bismuth adatoms' function as site blocker on the surface of the Pt metal to control glycerol orientation towards the oxidation of the 
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Materials and Methods
Materials
Magnesium nitrate hexalydrate, aluminum nitrate nonahydrate, ureadihydroxyacetone dimer, glycolic acid, oxalic acid, formic acid, and acetic acid were obtained from Aladdin Industrial Corporation (Los Angeles, CA, USA). Hydroxypyruvic acid and DL-glyceraldehyde were purchased from Sigma-Aldrich Co., LLC (St. Louis, MO, USA). Glyoxylic acid and glyceric acid were obtained from Tokyo Chemical Industry (Tokyo, Japan). Tartronic acid was purchased from Alfa-Aesar (Haverhill, MA, USA), A Johnson Matthey Company (Royston, UK). Calcium mesoxalatetrihydrate, chloroplatinic acid hexahydrate, bismuth chloride, and NaBH4 were purchased from J&KSEIENTIFIC Ltd. (Beijing, China). All the starting materials and solvents above were commercially available and used without further purification.
Catalyst Preparation
Synthesis of Hydrotalcite (HT)
The urea hydrolysis method was employed for the synthesis of Mg-Al hydrotalcite [37] , wherein the urea is a weak Brönsted base, highly soluble in water, and the slow hydrolysis of urea enables the formation of Mg-Al HT with a small particle size and uniform morphology. Mg-Al hydrotalcite was hydrothermally synthesized from the mixture of Mg(NO3)2•6H2O, Al(NO3)3•9H2O, urea, and H2O with a molar ratio of 4:1:12:333. The mixture was introduced into a Teflon-lined stainless steel autoclave and placed in an oven at 100 °C for 24 h. The Mg-Al HT was obtained by filtration, washed with distilled water, and dried in an oven at 50 °C overnight. The obtained Mg-Al HT was directly used as a support for metal loading without calcination.
Metal Loading
Hydrotalcite-supported platinum and bismuth nanoparticle catalysts (Pt-xBi/HT, x = 0, 1, 3, 5, 7, and 9) were prepared by the co-impregnation method, where x refers to the nominal weight percentage of Bi based on the support. First, a total of 93.3 mg of H2PtCl6•6H2O and different amounts of BiCl3 were dissolved in 20 mL of H2O, and 700 mg of HT support was added to the above aqueous Figure 6 . A proposed mechanism for the selective oxidation of glycerol towards DHA over the Pt-Bi/HT system.
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Materials
Magnesium nitrate hexalydrate, aluminum nitrate nonahydrate, ureadihydroxyacetone dimer, glycolic acid, oxalic acid, formic acid, and acetic acid were obtained from Aladdin Industrial Corporation (Los Angeles, CA, USA). Hydroxypyruvic acid and DL-glyceraldehyde were purchased from Sigma-Aldrich Co., LLC (St. Louis, MO, USA). Glyoxylic acid and glyceric acid were obtained from Tokyo Chemical Industry (Tokyo, Japan). Tartronic acid was purchased from Alfa-Aesar (Haverhill, MA, USA), A Johnson Matthey Company (Royston, UK). Calcium mesoxalatetrihydrate, chloroplatinic acid hexahydrate, bismuth chloride, and NaBH 4 were purchased from J&KSEIENTIFIC Ltd. (Beijing, China). All the starting materials and solvents above were commercially available and used without further purification.
Catalyst Preparation
Synthesis of Hydrotalcite (HT)
The urea hydrolysis method was employed for the synthesis of Mg-Al hydrotalcite [37] , wherein the urea is a weak Brönsted base, highly soluble in water, and the slow hydrolysis of urea enables the formation of Mg-Al HT with a small particle size and uniform morphology. Mg-Al hydrotalcite was hydrothermally synthesized from the mixture of Mg(NO 3 ) 2 ·6H 2 O, Al(NO 3 ) 3 ·9H 2 O, urea, and H 2 O with a molar ratio of 4:1:12:333. The mixture was introduced into a Teflon-lined stainless steel auto-clave and placed in an oven at 100 • C for 24 h. The Mg-Al HT was obtained by filtration, washed with distilled water, and dried in an oven at 50 • C overnight. The obtained Mg-Al HT was directly used as a support for metal loading without calcination.
Metal Loading
Hydrotalcite-supported platinum and bismuth nanoparticle catalysts (Pt-xBi/HT, x = 0, 1, 3, 5, 7, and 9) were prepared by the co-impregnation method, where x refers to the nominal weight percentage of Bi based on the support. First, a total of 93.3 mg of H 2 PtCl 6 ·6H 2 O and different amounts of BiCl 3 were dissolved in 20 mL of H 2 O, and 700 mg of HT support was added to the above aqueous solution under stirring for 4 h; the suspension was heated to 100 • C under stirring to remove the water. Then, the obtained solid powder was added to 20 mL of fresh NaBH 4 aqueous solution (Pt and Bi/NaBH 4 = 10 with mole ratio) and the solution was vigorously stirred for 30 min to reduce the Pt and Bi species. The resulting solid was recovered by filtration and washed thoroughly with distilled water. Finally, the gray-colored solid catalysts were obtained after drying in oven at 100 • C overnight. The Pt nominal loading was controlled at 5 wt % based on the HT support.
Characterization
The high-resolution transmission electron microscopy (HR-TEM) images were collected with a JEOL JEM-2010 (JEOL, Tokyo, Japan) electron microscope with an accelerating voltage of 120 kV. Powder X-ray diffraction (XRD) (Rigaku Corporation, Tokyo, Japan) patterns were recorded on a Rigaku MiniflexIIX-ray diffractometer with Cu Kα radiation (λ = 1.5418 Å) with a scan rate of 2 • /min. N 2 adsorption-desorption experiments were carried out at 77 K (Micromeritics ASAP 2020 Instrument, Micromeritics, Atlanta, GA, USA) to determine the Brunauer-Emmett-Teller (BET) surface area and micropore volume. X-ray photoelectron spectroscopy (XPS) was obtained on a VG Milti Lab 2000 Spectrometer (Thermal VG, Waltham, MA, USA) with Al Kα radiation and a multichannel detector.
Catalytic Testing
The selective oxidation of glycerol was carried out in a 100 mL three-necked flask equipped with a reflux condenser and gas supply system. A total of 50 mL glycerol aqueous solution (0.1 g/mL) and 500 mg catalyst were put into the reactor, and heated to the required temperature (typically 60 • C) under stirring at 600 rpm, then O 2 was introduced into the reactor at 150 mL/min. After reaction, the reactor was quickly cooled down to room temperature with an ice bath, the catalyst was filtered off, and the aqueous solution was diluted 10 times with eluent before analysis. The reaction products were analyzed using a SHIMADZU LC-20AD HPLC (Shimadzu, Kyoto, Japan) equipped with UV detectors (210 nm) and a refractive index detector. An Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA) was used for separation with a diluted H 2 SO 4 (0.01 M) as eluent and a flow of 0.5 mL/min at 60 • C. The amount of glycerol and produced products were quantified with an external calibration method. The glycerol conversion and product selectivity were defined as follows: conversion = ∑(Mole of the product × carbon number of the product) Initial mole of glycerol × 3 × 100%, Selectivity = Mole of the product ∑(Mole of the product) × 100%.
Conclusions
Mg-Al hydrotalcite-supported Pt-Bi nanoparticles with high dispersion were prepared by the co-impregnation method, and Pt-Bi/HT catalysts were found to be highly active and more efficient than Pt alone supported by HT towards the selective oxidation of glycerol to DHA in a base-free aqueous solution. The BiOCl and Bi metal are the main components of Bi species in the Pt-Bi/HT catalyst, and the Bi species have a significant role in promoting the conversion of glycerol and the selectivity of DHA. The promotional role of Bi species is dominated by the geometrical effect and the formation of strong hydrogen bonds between the Cl ion of BiOCl on the surface of support and the primary -OH group of the glycerol molecule. This work presented a new understanding on the promotional role of Bi species in the selective oxidation of glycerol towards DHA by noble metal loading catalysts.
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